Introduction
Metal-matrix composites (MMCs) are increasingly being used in various engineering applications, such as in aerospace, electronics and automotive industries thanks to their high specific strength, high stiffness, low thermal expansion, excellent corrosion and wear resistance. Chawla and Shen (2001) claim that particle-reinforced MMCs are often preferred to continuous-fibre-reinforced MMCs, because of their competitive advantage of low cost, ease of manufacture and nominal isotropic properties. Silicon carbide (SiC) particle-reinforced aluminiummatrix composites (SiCp/Al) have become a promising engineering material thanks to their outstanding mechanical properties and costeffectiveness. Ozben et al. (2008) compared the varying reinforcement ratios of SiC particles on mechanical properties, concluding that an increase of reinforced volume fraction leads to improved mechanical properties such as impact toughness and hardness. However, Basavarajappa et al. (2006) pointed out that the presence of hard ceramic particles makes this material difficult to machine due to accelerated tool wear thereby limiting its widespread use in engineering applications.
Prior studies show that both extrinsic (cutting speed, feed rate, depth of cut and type of cutting tools) and intrinsic (particulate size, volume fraction and type of reinforcement) parameters influence machinability of particle reinforced MMCs. Manna and Bhattacharayya (2003) studied the influence of machining parameters, e.g. cutting speed, feed rate and depth of cut on the cutting force and surface finish criteria. They conclude that the use of rhombic tools have advantages in machining when cutting speeds range between 60 m/min to 150 m/ min. Dabade and Joshi (2009) studied the effect of machining parameters and composite composition on chip formation and the effect of chip formation on surface roughness. They conclude that in machining of MMCs with coarser reinforcement lead to gross fracture with smaller chip segments and higher shear plane angle. El-Gallab and Sklad (1998) observed the cross-sections of the chips and found localization of the matrix deformation along shear bands, where the reinforcing SiC particles aligned themselves. Lin et al. (2001) observed that increasing a SiC volume fraction in the MMC lead to increased tool flank wear yielding increased surface roughness of the machined material. In all these studies, tool wear was deemed to be the primary drawback in machining MMCs, due to a highly abrasive nature of hard particulate reinforcements. Hocheng (2011) found polycrystalline diamond (PCD) and cubic boron nitride (CBN) tools perform much better than cemented carbide (WC) tools. Bhushan et al. (2010) reported that the flank wear of WC tool increased by a higher factor with the increase of cutting speed than that of PCD tool. However, due to the high cost of PCD tools, other tools such as cemented carbides and ceramics were also utilized to machine MMCs. Generally, there is a clear and tangible demand for cheaper and efficient machining of MMCs.
Hybrid machining, where a secondary process 'assists' a primary machining process has been a field of active research over the past decades. Ultrasonically assisted turning (UAT) is one such hybrid machining process, which demonstrated much promise in the machining of difficult-to-machine materials. Babitsky et al. (2003) describe a UAT setup which was shown to enhance the machinability of intractable material such as nickel superalloys. Thanks to the periodic separation of the tool and the workpiece at ultrasonic frequencies, the thermomechanical behaviour of the material in UAT differed significantly when compared with that in conventional turning (CT). Prior studies reported significant improvements of machining performances in UAT, such as cutting forces, surface finish and tool life. Maurotto et al. (2013) obtained over 70% of force reduction in UAT when compared to CT in the machining of Ti-alloys. In this regard, relatively few studies of UAT of MMCs are available. Zhao et al. (2002) studied the vibration-cutting performance of SiCp/Al; they concluded that ultrasonic cutting could reduce the influence of tearing, plastic deformation and built-up edge (BUE) and restrain chatter in the cutting process. Zhong and Lin (2006) observed that the surface roughness of an MMC sample obtained with UAT was better than that in CT.
The objective of this study is to compare and contrast the machinability of SiCp/Al MMC in CT and UAT with two different cutting tools types, with the aim of selecting a suitable tool by considering performance and cost-efficiency. To achieve this, a series of turning experiments under different machining conditions was studied. The machinability parameters, including cutting forces and temperatures, chip formation, surface roughness and topography, and tool wear for the two techniques were compared to reveal the advantages in machining with ultrasonic vibration.
Experimental setup and methodology
Machinability studies in turning of SiCp/Al were performed on a lathe appropriately modified to house an ultrasonic cutting head (Fig. 1) . A schematic of the ultrasonically-assisted machining setup is illustrated in Fig. 1(a) . Here, mechanical vibrations were produced by the piezoelectric transducer. The procedure for measuring the cutting force is shown in Fig. 1(b) . A Kistler dynamometer Type 9257B with a charge amplifier Type 5015 was used to measure the cutting force. The sampling frequency of the recorder was less than the natural frequency of 3.5 kHz which was much less than imposed ultrasonic frequency. The obtained force signals in UAT was effectively averaged over a large number of ultrasonic vibration cycles. The charge amplifier yields proportional voltage data visualised using PicoScope 4424. Force components in three orthogonal directions were measured, namely, in tangential, axial and radial directions, which represent the cutting, feed and thrust forces, respectively ( Fig. 1 (a) ). An option to machine with minimum quantity lubrication (MQL) was available. Here, a small amount of cutting fluid (UNIST Coolube 2210) was mixed in a flow of compressed air (Fig. 1(c) ). Thermal measurement at the cutting zone was obtained from a thermal imaging camera (thermoIMAGER TIM 400) with a resolution of 382 × 288 pixels ( Fig. 1(d) ). The emissivity of workpiece was calibrated as 0.85 by comparing with a black tape of known emissivity.
In this study, an extruded bar of SiCp/Al MMC was machined, which was essentially an aerospace-grade aluminium (2124Al) reinforced with 25 vol.% SiC particles with a particle diameter, d ≤ 3 μm distributed in the metal matrix. A representative microstructure of the SiCp/Al composite is shown in Fig. 2 . Some of the relevant physical and mechanical properties of the composite are listed in Table 1. A WC and a PCD cutting tools were selected for the experimental trials; details of the tools are listed in Table 2 . From an economic standpoint, PCD inserts are significantly more expensive than WC ones. Thus, cost-effectiveness becomes even more important in machinability of MMCs.
Test results and discussions
In this section, machinability aspects such as cutting forces, cutting temperatures, chip formation and surface topography are discussed.
Machining conditions
To investigate the machinability of SiCp/Al composite, a series of turning experiments were performed in CT and UAT with WC and PCD inserts as listed in Table 3 . The effect of coolant (MQL) on machining performance was also studied (tests No. 5 to No. 8 in Table 3 ). Machining was conducted with a cutting speed (v c ) of 20 m/min, feed rate ( f r ) of 0.1 mm/rev and a depth-of-cut (a p ) of 0.1 mm. For machining with ultrasonic assistance, the vibration frequency ( f ) was 18.11 kHz with a peak-to-peak amplitude (A pp ) of 9.3 μm. The critical cutting velocity, above which tool-workpiece separation is lost essentially reducing a UAT process to CT process, was calculated to be 31.7 m/min (= πfA pp ). In our machining trials, easy switching between the CT and UAT regimes was possible, allowing accurate comparisons between the machining processes.
Cutting forces
The measured signals of cutting forces were processed with an advanced four-channel digital oscilloscope, Picoscope 4424. The data were converted to a format readable in Matlab and filtered to obtain an average cutting force. A typical force response from CT and UAT using a PCD tool is shown in Fig. 3 . The force response corresponds to experiments No. 3 and 4 in Table 3 . The first 20 s correspond to a time used for tool engagement with the workpiece followed by CT for approximately 40 s, after which ultrasonic vibrations were switched on for another 40 s. Following this, the tool was disengaged. A significant reduction of cutting forces (all three components) was observed when switched to UAT, especially for the main cutting force (tangential direction), which corresponded to˜58% reduction. A reduction in the thrust and feed forces for UAT was not expected; however, it was observed. This can be explained by the effect of spurious vibrations in the radial and axial directions with low amplitudes (˜1 μm), which are unavoidable in real machining conditions.
Averages of the three force components for each experiment are presented in Fig. 4 . Reductions of force components in UAT with different cutting tools and machining conditions (use of lubricants) were obtained. For the WC tool in dry machining conditions, the levels of reduction were 68%, 66% and 25% for cutting, thrust and feed forces, respectively, with ultrasonic assistance when compared to CT. The maximum primary cutting force was observed to decrease from 26.9 N to 8.7 N. When machining with the WC tool and MQL, similar cutting force magnitudes was recorded. With a PCD tool, the net cutting force was lower than that with the WC tool. A possible reason may be due to accelerated rake-face wear of the WC tool in CT, which decreases the effective rake angle leading to the increased cutting force. However, application of UAT resulted in lower tool rake wear and BUE, helping to maintain the original shape of the cutting tool, thus improving cutting performance with both WC and PCD tools. A further discussion about this is in Section 4. When turning with the PCD tool with MQL, the cutting forces in CT were low. Though forces in UAT for such conditions were observed to be lower when compared to those in CT, the reductions were significantly diminished in comparison to all other W. Bai et al. Journal of Materials Processing Tech. 268 (2019) 149-161 machining conditions.
Cutting temperatures
To investigate the temperature in the process zone, a thermal imaging camera was fixed on the feed platform to collect the temperature data for the visible area in real time. Fig. 5 presents the cutting-temperature measurements for CT and UAT with different tools and coolant use. The measurement field resolution was 230 μm/pixel. The white rectangle in each image represents the area where reference temperature (RT) was measured, which was acquired on the surface of the fixture on the feed platform. The maximum temperature (MT) was recorded at the zone indicated by the black rectangle in Fig. 5 , which correspond roughly to the tool-tip zone. As seen in Fig. 5 , RT at various machining conditions was close to 23°C. The levels of MT measured during UAT were higher when compared to those in CT for the same cutting tools and coolant use. Muhammad et al. (2014) made a similar observation when machining titanium alloy in CT and UAT. This temperature rise is the result of additional energy transferred by the vibrating tool, which imparts kinetic energy into the process zone, eventually converted into plastic work that leads to an increase in the local temperature. The levels of MT observed in CT (Fig. 5(c) ) and UAT ( Fig. 5(d) ) with a PCD tool were lower than those for the WC tool ( Fig. 5(a and b) ). There were no significant changes in MT during CT (Fig. 5(e) ) and UAT ( Fig. 5(f) ) with the WC tool and MQL compared to that under dry machining conditions (Fig. 5(a and b) ). However, the overall process-zone temperature was lower when machining with MQL. Small reductions of MT in CT (Fig. 5(g) ) and UAT ( Fig. 5(h) ) with PCD tool and MQL were observed compared to those with the same tool under dry machining conditions (Fig. 5(c, d) ). This was due to high tool wear in WC (Section 3.6), thus, the use of MQL had some effect on the chip characteristics but negligible effect on cutting force and temperature. In contrast, the coolant had an effect when using PCD tools as they suffer low tool wear. The observations agree well with the trend of cutting forces discussed in Section 3.2.
During the machining tests, an observation was made with regard to CT with the WC tool; light emission, in the form of sparks, occurred with the formation of particle-shaped chips ( Fig. 5(a) ). In contrast, machining with UAT led to the formation of long unfragmented springshaped chips (Fig. 5(b) ). A similar observation was made for chips obtained with the PCD tool (Fig. 5(c) ) to UAT ( Fig. 5(d) ). Makhdum et al. (2014) reported that the application of ultrasonic vibration during the machining process enhanced the ductility of the carbon/epoxy composites; a similar effect was observed in machining MMCs. When machining with MQL, no chips are visible in the thermal images ( Fig. 5 (e-h)) due to their instant removal by a hyperbaric spray. Fig. 3 . Typical force evolution in CT and UAT with PCD tool without MQL.
Chip formation
A study of chip formation and morphology often reveals details of the underlying micro-scale details of the machining process not possible otherwise. Here, the chip morphology obtained from CT and UAT of the MMC with different tools and lubrication is studied (Fig. 6) . Chips in the form of particles were generated in CT irrespective of the tool or lubrication condition (Fig. 6(a, c, e, g) ). Short C-type chips were formed as observed at the micro level with SEM ( Fig. 7(a) ). The segmented chips indicate the inherent reduction in ductility of the MMC material caused by the addition of SiC particles. The chip shape was considerably different when ultrasonic vibration was imposed during machining. Long spring-type chips were obtained in UAT with the WC tool ( Fig. 6(b) ), while semi-continuous chips were formed with the PCD tool ( Fig. 6(d) ). Short ear-type chips were produced by encountering the asyet-uncut surface, while long chips of this type were formed by a colliding tool-flank surface. The obtained chips were different from the spring-type chips due to the specific rake-face shape of the WC tool, which encouraged a positive curl. When turning with MQL in UAT, the hyperbaric spray broke off parts of the longer chips, forming shorter ones; thus, the spring-type chip (Fig. 6(b) ) changed to the C-type chip (Fig. 6(f) ) with the WC tool. When machining with the PCD tool, the mix of long and short ear-type chips (Fig. 6(d) ) in dry UAT became short-ear-type-dominated chips with the use of MQL (Fig. 6(h) ). Generally, the chips formed in UAT were longer and more continuous than those in CT.
Prior studies discussed the effect of machining conditions on chip formation for metal-matrix composites in CT. Joshi et al. (1999) demonstrated that the increased volume fraction of the hard reinforcement reduced ductility of the MMC when compared to the machining of the matrix metal, favouring chip breakage. Sekhar and Singh (2015) summarized that continuous chips were formed using sharp PCD tools, whereas discontinuous chips were generated with blunt tools or at higher feeds and speeds. The nuances of chip variability with the application of ultrasonic vibration during machining were not studied to date. From our studies, several reasons can be inferred for the observed difference with CT. First, a less prominent BUE and tool abrasive wear were expected in UAT (see Section 4), which maintain the original tool shape, facilitating continuous spring-type chips. Second, a BUE was developed at the tool's rake face in CT, decreasing the effective rake angle, and thus leading to the lower chip curvature, promoting discontinuous chips. Finally, a lower chip-compression ratio was obtained W. Bai et al. Journal of Materials Processing Tech. 268 (2019) [149] [150] [151] [152] [153] [154] [155] [156] [157] [158] [159] [160] [161] in UAT, implying smaller deformed chip, which corresponds to cutting with a lower feed, favouring continuous chips. Chip micro-morphology generated by CT and UAT with the WC tool was studied under SEM as shown in Fig. 7 . The spring-type chip in UAT (Fig. 7(b) ) was significantly different to the short C-type chip in CT ( Fig. 7(a) ). Chips from CT exhibit saw-tooth features on the free surface, which indicates an adiabatic-shear process dominating chip formation. In UAT, lamella structures appeared on the free surface due to the periodic nature of tool-chip contact, favouring intermittent chip formation. On the back surface of the chip, fractures along the short C-type chip in CT were observed. In contrast, there were no significant flaws on the spring-type chips in UAT. Iuliano et al. (1998) reported that the reinforced particles tend to sink and pile-up in the matrix along the shear planes in the cutting process. Thus, more saw-tooth structures form on the free surface with fractures on the back surface, generating chip segmentation. When turning with ultrasonic vibration, an entirely different mechanism of chip formation was initiated. Bai et al. (2017) also indicated that the microstructure in saw-tooth chip was more uniformly distributed in UAT than in CT. Thus, the reinforced particles in the chip material from UAT were redistributed due to ultrasonic vibrations, thereby preventing their pile-ups along the shear planes, improving the ductility of the chip and resulting in long and continuous chips.
Surface topography
An optical 3D surface-measurement system (Alicona Infinite Focus G4) was utilized to assess the topography of machined surfaces (Fig. 8) .
CT with the WC tool showed small-sized craters on the machined surface (Fig. 8(a1, a2) ); in contrast, the surface machined with UAT was relatively defect-free (Fig. 8(b1, b2) ). This was probably an effect of the change of the effective tool geometry due to generation of BUE in CT, leading to a more abusive machining (hence, the higher cutting forces) when compared to UAT. Hard SiC particles of reinforcement could also contribute to the observed surface fractures. Partially or fully detached from the machined surface, they contributed to the creation of cavities of various sizes and shapes. Some detached particles could move underneath the tool, dragged along the surface for some distance; thus, creating defects larger than their size (˜3 μm). As a result of tool vibration in UAT, micro-grooves were formed on the machined surface, corresponding to the vibration amplitude imposed. Machining with the PCD tool showed a lower number of defects on the machined surface obtained with CT ( Fig. 8(c1) ). A colour surface profile of the machined surface ( Fig. 8(c2) ) revealed more defects obscured in Fig. 8(c1) . Additionally, the machined surface was observed under SEM as shown in Fig. 9 . Defects and cracks appeared on the surface machined with the WC tool in CT (Fig. 9(a)) . Surprisingly, the machined surface is covered with microcracks when machined with the PCD tool in CT (Fig. 9(b) ), although no visible cracks emerged in optical images (Fig. 8(c1) ). These micro-defect features were a direct result of the diamond grain size in the PCD tool. The surface machined in UAT with the PCD tool ( Fig. 8(d1, d2) ) showed fewer undulations when compared to that in CT (Fig. 8(c1, c2) ). Compared to dry machining, a slight reduction of defects was obtained on the surface machined in CT with the WC tool with MQL ( Fig. 8(e1, e2) ). Improvement of surface topography was obtained in UAT (Fig. 8(f1, f2) ) in contrast to turning without MQL (Fig. 8(b1,  b2) ). When turning with the PCD tool with MQL, CT showed a better surface quality (Fig. 8(g1, g2) ) than that obtained without lubrication (Fig. 8(c1, c2) ). However, no significant changes were observed for UAT with MQL ( Fig. 8(h1, h2) ) and without it (Fig. 8(d1, d2) ). Roughness of machined surfaces was also measured and compared for various machining conditions in CT and UAT (Fig. 10) . In a CT process, surface roughness obtained with the PCD tool with MQL was the best, followed by the WC tool with MQL, and dry machining with the PCD tool. Surface roughness in case of dry machining with the WC tool was the worst. A significant improvement in R a of 44.3% was obtained in UAT with the WC tool (when compared to CT with the same machining conditions) and 31.8% with the WC tool and MQL. The results obtained for the PCD tool are somewhat different. In UAT, a 13.6% improvement in R a was observed for the dry machining conditions. However, with the MQL use, the surface roughness deteriorates in UAT, showing a 12.2% increase in R a when compared to surface topography obtained in CT. Comparing the nominal surface roughness obtained for all machining conditions, it was observed that the surface quality using the WC tool and with ultrasonic assistance far outperformed the quality obtained with the PCD tool with MQL application using conventional machining. This observation is encouraging, especially from the aspect of machining economics as the WC tool is significantly cheaper than a PCD tool. Additionally, dry machining is preferred as it contributes directly to sustainable manufacturing.
Tool wear
To examine the tool performance for the varying machining conditions studied, tool geometry was observed before and after machining using SEM (Fig. 11) . Tool geometries of as-received WC and PCD tools are shown in Fig. 11(a and b) , respectively. The tool inserts both had a rake angle of°0 , a clearance angle of°7 and a nose radius of˜0.4 mm ( Table 2) . It should be mentioned that a new cutting tool was used in each turning test with four different process conditions. However, these cutting tools were not replaced when the process was switched from CT to UAT in each run. A total processing time before wear measurement was less than 100 s. This means that Fig. 11(b, c, e and f) present the tool wear after machining with both CT and UAT for various process conditions. In turning with the WC tool, wear occurred on both rake and flank surfaces, with and without lubrication (Fig. 11(b and c) ). A BUE was generated on the rake face and the tool edge in dry turning with this tool (Fig. 11(b) ), while lubricating with MQL, resulted in a smaller BUE and a worn area (Fig. 11(c) ). In contrast, tool wear was limited when turning with the PCD tool (Fig. 11(e and f) ), since it is a significantly harder material than WC. However, though less in volume, BUE was observed to form on the PCD tool with MQL ( Fig. 11(f) ).
Clearly, the presented machining methodology was not fully suitable for revealing differences in the rate and mechanisms of wear in CT and UAT. Therefore, a thorough tool wear analysis was performed additionally to study the specific nature of tool wear in both turning techniques with and without lubrication.
Wear analysis
To study different tool-wear mechanisms in CT and UAT with the WC and PCD tools, a set of experiments was performed. Table 4 lists the detailed machining conditions of these experiments. Experiments No. 9 and No. 10 were performed without any coolants (dry conditions) with the WC tool in CT and UAT, respectively. Prior experiments (Section 3) show that the best conventional machining was obtained with a PCD tool and with MQL use. Therefore, experiment No. 11 was set as a benchmark for comparison.
To study the wear evolution of cutting tools, the tool geometry was observed using SEM at various stages of machining. First, wear was assessed at an axial cutting length of 20 mm, corresponding to a cutting distance of˜42 m. Finally, it was studied after the tool was completely worn. In addition, roughness on the machined surface was measured after every 10 mm of axial cutting length after continuous turning.
The initial state of wear of the WC tool subjected to CT and UAT are shown in Fig. 12(a and b) , respectively. Worn areas of comparable sizes emerged on both the rake and flank faces of the tools. However, BUE formation was larger in CT than that in UAT. No noticeable wear was observed on the PCD tool with lubrication in CT, as shown in Fig. 12(c) . Therefore, from the perspective of integrity of tool geometry, the PCD tool combined with MQL presented the best abrasion resistance, followed by the WC tool in UAT and in CT. Interestingly, the machined surfaces of SiCp/Al show that the level of surface roughness (R a ) obtained in UAT using the WC tool was 0.65 μm, much less than that obtained in CT with the WC tool and the PCD tool with MQL. Therefore, even with a higher tool wear, UAT with the WC yielded better surface topography.
To further assess the wear mechanism of the WC tool in turning with and without ultrasonic assistance, the EDS spectrum of tool tip was determined (Fig. 13) . Spectrum 1 shows the elemental constituents at the spatial point on the tool flank surface (Figs. 13(a and b) ). The presence of N, Al and Ti in Spectrum 1 for both CT and UAT indicate that this area was covered by the specific tool coating used (TiAlN). The weight fraction of C is 42.2% in CT-in comparison to 9.1% in UATshows that due to the increased wear in CT, the underlying WC matrix material was exposed. Spectrum 2 was chosen on the worn part of tools. The major elemental concentration was for W and C, indicating that the tool coating (TiAlN) was completely removed, with the tool matrix (WC) present in both tool tips. 15.7% of Al in this area for CT was due to adherence of the workpiece material. Thus, the major wear mechanism was abrasive wear for both tools. Spectrum 3 shows the element concentration at the BUE. The top three elements in terms of weight fraction were Al, C and Si; therefore, it can be concluded that the BUE was formed by SiCp/Al workpiece material, indicating adhesion wear. Other species such as O were from an oxide layer and Co from the binder material. Thus, both abrasive and adhesion wear occurred in the WC tools in CT and UAT.
At an axial cutting length of 200 mm, the WC tool was considered to be completely worn as the cutting-force signal became very large during CT. Tool wear for other machining conditions was also assessed at this cutting length. The states of tool wear of the three cutting tools were observed with SEM (Fig. 14) . In comparison to the initial wear stage (Fig. 12) , the tool wear showed significant changes. The WC tool in CT (Fig. 14(a) ) was totally worn, with a significant volume of the cutting tool tip missing. In contrast, the WC tool used in UAT was more worn out ( Fig. 14(b) ) than at the initial stage (Fig. 12(b) ), yet it was less than that in CT. Also, less BUE appeared on the WC tool in UAT than in CT. Some BUE was observed on the rake face of the PCD tool with no observable abrasive wear (Fig. 14(c) ). Roughness of the machined surface by the three processes is presented in Fig. 14(d) . The surface roughness was worse in CT, while the other two processes achieve almost similar surface topography.
Progressive surface roughness (R a ) of the machined surface was measured for every 10 mm in the axial direction; the respective machined length can be calculated based on the effective cutting speed. The variation of the surface roughness with the actual cutting length is presented in Fig. 15 for the three machining conditions. The obtained results indicate no obvious trend, with surface roughness fluctuating along the cutting length. This in part was due to varying wear stages of the cutting tools: the removal of the coating was followed by abrasive wear and BUE effect that often occur in rapid succession.
In summary, the WC tool in UAT demonstrated an overall superior performance when compared to the CT processes. Compared to the outcome of conventional machining with the PCD tool with MQL, the performance of the WC tool in dry UAT was noteworthy. Though the tool suffered higher wear, the machining-induced surface roughness was comparable-and sometimes even better-than in case of the PCD tool. Thus, the use of significantly cheaper WC tools with the UAT technique may be a viable way for economic and sustainable machining of SiCp/Al composites.
Conclusions
In this study, the machinability of SiC-particle-reinforced aluminium-matrix composite with WC and PCD tools in ultrasonically assisted turning was investigated. Based on the results obtained, the following conclusions may be drawn: 1) UAT achieved a significant reduction of cutting forces, with a slight increase of cutting temperature. Continuous and semi-continuous chips with better surface topography were obtained. The exception to this observation was the case with the use of the PCD tool and MQL. Under such a machining condition, CT was better.
2) The use of MQL showed no observable improvement of cutting forces, surface roughness and topography of the machined surface. It was effective in lowering the cutting-zone temperature moderately, changing the chip morphology and reducing the generation of the BUE.
3) The chip-formation mechanism in UAT confirmed increased ductility of the workpiece material when subjected to a repeated high frequency microchipping process. The chips obtained in UAT were continuous and semi-continuous in nature. 4) Comparisons of the machined surface for CT and UAT demonstrated defects appearing in CT, whereas in UAT the machined surface was of higher quality. 5) Abrasive and adhesive wears occurred on the WC tool in both CT and UAT. However, the machined surface obtained in UAT with the WC tool was comparable and sometimes even better than that achieved with the PCD tool.
Our studies show that UAT is a viable and efficient machining process for turning MMCs such as SiC-reinforced Al-composites. In the future, we plan to study the nature of residual stresses in the MMC induced by the machining processes. Studies with different imposed ultrasonic frequency and amplitude can also be performed. In the present study, the chosen frequency and amplitude was optimised based on the specific ultrasonic transducer used. studies is gratefully acknowledged.
